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Abstract 27
Polycomb Repressive Complex 2 (PRC2) plays an essential role in development by catalysing 28 trimethylation of histone H3 lysine 27 (H3K27me3), resulting in gene repression. PRC2 consists of 29 two sub-complexes, PRC2.1 and PRC2.2, in which the PRC2 core associates with distinct ancillary 30 subunits such as MTF2 and JARID2, respectively. Both MTF2, present in PRC2.1, and JARID2, 31 present in PRC2.2, play a role in core PRC2 recruitment to target genes in mouse embryonic stem 32 cells (mESCs). However, it remains unclear how these distinct sub-complexes cooperate to establish 33
Polycomb domains. Here, we combine a range of Polycomb mutant mESCs with chemical inhibition 34 of PRC2 catalytic activity, to systematically dissect their relative contributions to PRC2 binding to 35 target loci. We find that PRC2.1 and PRC2.2 mediate two distinct paths for recruitment, with 36 mutually reinforced binding. Part of the cross-talk between PRC2.1 and PRC2.2 occurs via their 37 catalytic product H3K27me3, which is bound by the PRC2 core-subunit EED, thereby mediating a 38 positive feedback. Strikingly, removal of either JARID2 or H3K27me3 only has a minor effect on 39 PRC2 recruitment, whereas their combined ablation largely attenuates PRC2 recruitment. This 40 strongly suggests an unexpected redundancy between JARID2 and EED-H3K27me3-mediated 41 recruitment of PRC2. Furthermore, we demonstrate that all core PRC2 recruitment occurs through the 42 combined action of MTF2-mediated recruitment of PRC2.1 to DNA and PRC1-mediated recruitment 43 of JARID2-containing PRC2.2. Both axes of binding are supported by EED-H3K27me3 positive 44 feedback, but to a different degree. Finally, we provide evidence that PRC1 and PRC2 mutually 45
Introduction
Within mouse embryonic stem cells (mESCs), the PRC2 core complex is mainly associated with 63 MTF2 and EPOP (PRC2.1), or with AEBP2 and JARID2 (PRC2.2) (Kloet et al., 2016) . Alternative 64 PRC2.1 complexes containing either PHF1 or PHF19, and/or PALI1/2 are less abundant. In recent 65 years, our understanding of Polycomb regulation in terms of recruitment and enzymatic activity has 66 significantly increased. First, it has been shown that PRC2 can be recruited by the facultative subunits 67 MTF2 and JARID2 in mESCs, while ablation of either EPOP or AEBP2 does not affect PRC2 68
localization (Beringer et Poepsel et al., 2018). As this mechanism is not sufficient for H3K27me3 maintenance during cell 73 division (Laprell et al., 2017) , this indicates the importance of continuous de novo recruitment of core 74 PRC2 by its auxiliary subunits. Third, PRC2 can be recruited through non-canonical PRC1, which 75 binds to non-methylated DNA via its subunit KDM2B, and catalyses ubiquitination of H2A 76 (H2AK119ub). This mark, in turn, can be bound by JARID2, resulting in PRC2 recruitment ( 
Western blot and antibodies 122
Cell pellets were dissolved in RIPA buffer at a density of 10 4 cells per µl and briefly sonicated to 123 ensure proper cell lysis. Proteins denatured in SDS-PAGE gels were transferred onto PVDF 124 membranes. Primary antibodies used were rabbit anti-MTF2 (ProteinTech; 16208-1-AP), rabbit anti-125 JARID2 (Novus Bio; NB100-2214), rabbit anti-H3K27me3 (Millipore; 07-449), rabbit anti-H3 126 (Abcam;1791). Secondary antibodies were HRP-conjugated anti-rabbit (Dako; P0217) and anti-mouse 127 (Dako; P0161). Protein bands were visualized using Pierce ECL western blotting substrate (Thermo). 128
Images were analysed using ImageJ. 129
ChIP-sequencing 130
Cells were crosslinked in 1% PFA at room temperature for 10 min. The crosslinking reaction was 131 halted using 1.25M glycine and cells were harvested by scraping in buffer B (0.25% Triton X-100, 10 132 mM EDTA, 0.5 mM EGTA, 20 mM HEPES). The suspension was centrifuged for 5 min at 1600 rpm, 133 4 ˚C and the pellet was resuspended in 30 ml buffer C (150 mM, 1 mM EDTA, 0.5 mM EGTA, 50 134 mM HEPES) and rotated for 10 min at 4 ˚C. 
Bioinformatic analysis 155
Data from Perino et al., (Perino et al., 2018) were reprocessed in parallel with those of this study. To 156 ensure maximum comparability (75bp single-end vs 42bp paired-end) and accurate quantification, all 157 fastq files were trimmed to 42bp using fastx_trimmer (version 0.0.13.2), and in case of paired-end 158 sequencing only read_1 was used analysis. All fastq files were mapped using bwa (version 0.7.10-159 r789), filtered to retain only uniquely mapping reads using mapping quality of 30 and samtools 160
(version 1.7, flag -F 1024), then normalized for sequencing depth to produce bigwig. Peaks were 161 called with MACS2-2.7 (Zhang et al., 2008) with qvalue 0.0001 using --call-summits for transcription 162 factors and --broad for H3K27me3. Only peaks independently called in both replicates were used for 163 downstream analysis. High-confidence peaks for each mark were obtained by merging peaks called in 164 both replicates and overlapping by at least 50% of their length, and combined to obtain the list of all 165 PRC2 peaks. Heatmaps of ChIP-Seq signal were generated using fluff v3.0.2 (Georgiou and van  166 Heeringen, 2016), and clustered for dynamics using the "-g" option. ChIP metaplots were obtained 167 with deeptools v 3. these mechanisms act at the same genomic sites by performing chromatin immunoprecipitation 194 followed by massive parallel sequencing (ChIP-seq) using antibodies against endogenous EZH2, 195
H3K27me3, MTF2 and JARID2. We performed peak calling for EZH2 and determined the occupancy 196 of H3K27me3, MTF2 and JARID2 on these peak sites, which revealed a near-perfect overlap ( Fig.  197 1b). The same scenario was evident for peaks called for H3K27me3 or MTF2 (Fig. S1a,b ). By 198 contrast, we observed a large number of sharp JARID2 peaks with little or no occupancy of the other 199 PRC2 subunits ( Fig. S1c; cluster 3 ). This could indicate that JARID2 exerts functions independent of 200 the PRC2 complex, as previously suggested in Drosophila (Herz et al., 2012) . However, as these sites 201
do not overlap with other PRC2 subunits, they were excluded from consideration in this context and 202 only the remaining clusters ( Fig. S1d ,e) were used for subsequent analysis. 203
Next, we aimed to understand how MTF2, JARID2 and H3K27me3 are involved in recruitment of 204 PRC2. First, we focused on MTF2 and JARID2 and used knockout mESCs for these subunits 205
(Mtf2 GT/GT and Jarid2 -/-, respectively). These mESCs lack MTF2 or JARID2, respectively, but 206 globally retain wildtype levels of core PRC2 subunits, as determined by quantitative mass 207 spectrometry ( Fig. S1f ). ChIP-sequencing revealed a major reduction for EZH2 and H3K27me3 at 208 target sites in Mtf2 mutants, whereas the reduction in Jarid2 -/-mESCs is minor ( Fig. 1c,d 221 S1g), we performed ChIP-seq for EZH2, MTF2 and JARID2. This revealed that in the absence of 222
H3K27me3, EZH2 and MTF2 were retained on target sites at near wild type levels ( Fig. 1c,e ). 223 JARID2 binding, instead, is >50% reduced by EED226 treatment (Fig. 1f its robustness in the absence of H3K27me3, and uncover a differential dependency on H3K27me3 231 levels for the PRC2.1 and PRC2.2 sub-complexes. 232 
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Box plots represent median and interquartile range (IQR; whiskers, 1.5 IQR).
248

Stratification of Polycomb binding sites reveals two major types of targets 249
We noticed that several of the clusters observed in Figure 1 showed distinct characteristics, such as 250 the strength of binding or the width of the peaks (for example cluster 4 and 5 of the EZH2 ChIP-seq, 251 Fig. 1c ). Moreover, the consequences of removal of MTF2 or JARID2 appear different per cluster 252
(c.f. the effect of MTF2 removal of cluster 2 and 4 in Fig. 1c , and cluster 3 and 5 in Fig. 1f , or the 253 effect of JARID2 on clusters 2 and 5 in Fig. 1e ) mESCs (Brookes et al., 2012) . We combined these data with those shown in Figure 1 and clustered 263 them on the common set of PRC2-bound regions, revealing six major clusters ( Fig. 2a ). Clusters 1-4 264 display strong BioCap and H3K4me3 signals and are likely bivalent promoters (Bernstein et al., 265 2006), whereas clusters 5-6 show relatively low BioCap and H3K4me3 signals and could comprise 266 silenced genes. We observed that the consequences of the perturbations for PRC2 recruitment varied 267 per cluster (Fig. 2b, S2a) . A notable example includes the H3K27me3 signal, which is affected more 268 in clusters 1-4 (reduced to 6-27%) compared to cluster 5-6 (48-56%) in Mtf2 GT/GT ESCs (Fig. 2b, top  269 right). Similar patterns hold true for EZH2 ( Fig. 2b , top left; 9-12% versus 23-26%) and JARID2 270 recruitment (Fig. 2b, bottom right; 11-19% versus 30-34%). In addition, removal of EED results in 271 very strong reduction of MTF2 recruitment in all clusters. We recently found that MTF2 is recruited 272
to CpGs in the context of a specific shape of the DNA, characterized by reduced helix twist (Perino et  273 al., 2018). Therefore, we analysed the DNA shape of the genomic sequences in each cluster. This 274 revealed that shape-matching GCG trinucleotides are much more prevalent in cluster 1-4 ( Fig. 2c) , 275 which fits the higher dependence of MTF2 for PRC2 recruitment in these clusters (Perino et al., 276 2018). Together, these analyses indicate that cluster 1-4 rely relatively more on MTF2-mediated 277 recruitment compared to cluster 5-6. 278
As previous reports suggested that Polycomb target sites contain distinct gene sets (Brookes et al., 279 2012), we tested whether cluster 1-4 and 5-6 also consisted of different sets of genes. When 280 comparing with all the mouse genes, we observed that every cluster was enriched for genes associated 281
with the development of body structures (Fig. S2b) , as is characteristic for Polycomb genes in general 282 (Brookes et al., 2012) . Next, we stratified the clusters by calculating the enrichment among PRC2 283 targeted genes. We observed that cluster 5 and 6 are strongly enriched for genes related to body plan, 284 limb, mesenchyme and branchial arches development (Fig. 2d ), while cluster 2 and 4 show a stronger 285 enrichment for neural structures (Fig. 2d ). In addition, all Hox genes, which are considered highly 286 conserved master regulators of embryonic development, are exclusively present in cluster 5-6. 287
Collectively, these analyses identify two distinct classes of Polycomb target regions. with inhibition of H3K27 methylation. We treated Mtf2 GT/GT ESCs with EED226 to remove 311
H3K27me3, only leaving JARID2-mediated recruitment intact. Similarly, we combined removal of 312 JARID2 with EED226 treatment, which leaves only the contribution of MTF2-mediated recruitment 313 (cf. Fig 1a) . In both situations, treatment with EED226 resulted in the complete removal of 314 H3K27me3 (Fig S3) . We examined the effect on core PRC2 recruitment to target genes by 315
performing ChIP-sequencing of EZH2 in Mtf2 GT/GT +EED226 ESCs and Jarid2
Inspection of the EZH2 signal revealed a relatively minor further decrease of EZH2 recruitment in 317
Mtf2 GT/GT +EED226 mESCs, compared to the already severe phenotype caused by MTF2 depletion 318 alone (Fig 3a,b) . Interestingly, although the absence of JARID2 alone had no effect ( Fig. 3a,b ; 319 clusters 1-3, 5) or only a moderate effect ( Fig. 3a,b ; clusters 4, 6) on EZH2 recruitment, and the 320 absence of H3K27me3 resulted in only a modest effect in all clusters, their combined ablation resulted 321 in a dramatic decrease of EZH2 recruitment (Fig 3a,b) . This could suggest that JARID2 and 322
H3K27me3 are redundant for PRC2 recruitment or can compensate for each other. In addition, this 323 demonstrates that MTF2-mediated recruitment by itself is not sufficient to establish full Polycomb 324 recruitment, but requires PRC2.2 and/or the EED feedback loop. We extended our analyses by 325
performing ChIP-sequencing for JARID2 in Mtf2 GT/GT +EED226 mESCs and for MTF2 in Jarid2 -/-326 +EED226 mESCs. Removal of both JARID2 and H3K27me3 further reduced MTF2 recruitment, and 327 especially in cluster 5-6 MTF2 recruitment was near-zero (Fig 3c-e ). This shows that these loci recruit 328 MTF2 (PRC2.1) indirectly through PRC2.2 and the EED-positive feedback loop. This is in agreement 329 with the observations that the loci in these clusters do not recruit MTF2 in the absence of PRC2 (Eed -330 /-mESCs) and do not show any enrichment for GCG trinucleotides with a DNA shape preferred by 331 MTF2 (Fig 2a,d) . When focusing on JARID2 in Mtf2 GT/GT +EED226 ESCs, we observed a reduction of 332 recruitment in all clusters although the decrease was marginally stronger in cluster 5-6 ( Fig 3d) . 333
Together, these data uncover an important contribution of the EED-H3K27me3 interaction to PRC2 334 recruitment, in particular for PRC2.2, and show that the relative importance of PRC2.1 and PRC2.2 335 differs across the genome. 336 Our analyses indicate that the allosteric feedback loop mediated by EED seems to directly or 351 indirectly buffer the absence of JARID2 and vice versa. We hypothesized this could be mediated 352 almost indistinguishable (Fig 4a-c, light and dark blue lines in Fig. 4b, Fig S4) , and also JARID2 360 binding was affected in Ring1a/b -/-+EED226 cells (Fig 4d, Fig S4) . Of note, while the residual 361 JARID2 recruitment in Ring1a/b -/-+EED226 and MTF2 GT/GT +EED226 is comparable for cluster 1-4, 362
cluster 5-6 seems to depend more on PRC1 and on PRC2.2 (Fig 4d lower panels, Fig S4) , further 363 supporting a minor role to MTF2 for PRC2 recruitment at these locations. These observations strongly 364
suggest that JARID2 and PRC1 act along same recruitment axis. As low levels of residual JARID2 365 recruitment is observed in clusters 1-4 in the Ring1a/b -/-+EED226 condition, additional mechanisms 366 might recruit JARID2, for example binding of JARID2 to DNA (Li et al., 2010) or RNA (Brockdorff, 367 2013; Kaneko et al., 2014) . To extend our analysis on PRC1-PRC2 interdependencies and disentangle 368 the roles of H3K27me3 versus PRC2 subunits in PRC1 recruitment, we performed RING1B ChIP-seq 369 in WT, MTF2 GT/GT , and Jarid2 -/in the presence of EED226. Removal of H3K27me3 in wild type 370
ESCs had only limited effect on RING1B recruitment (Fig 4e-g, Fig S5) . However, the combined 371 absence of H3K27me3 and either MTF2 or JARID2 results in strong reduction of RING1B binding 372 (Fig 4e-g) . While the Polycomb dogma posits that PRC1 and PRC2 do not physically interact and 373 mutually affect each other only via their catalytic products (respectively H2AK119ub and 374
H3K27me3), these data suggest that PRC2 also contributes to PRC1 recruitment independently of 375
H3K27me3. For example, it is conceivable that the physical presence of PRC2 at target genes (which 376 is strongly reduced in Mtf2 GT/GT +EED226 and Jarid2 In this triple  396 ablation condition, the recruitment of EZH2 to target genes was completely abrogated in all clusters 397 (input levels, Fig 5, Fig S5) . Collectively, these analyses demonstrate that the combined action of 398 MTF2, the allosteric EED feedback loop and PRC1-mediated recruitment of JARID2-containing 399
PRC2 sub-complexes are required for PRC2 recruitment in mESCs. 400 The mechanisms that guide and maintain PRC2 at target sites have been the focus of extensive 409
research, yet have long remained enigmatic. Although the allosteric feedback loop mediated by EED 410
is important for spreading of PRC2 away from its initial nucleation site (Margueron et al., 2009 ), the 411 mere presence of H3K27me3 is not sufficient to maintain PRC2 at its target genes (Laprell et al., 412 2017) . This indicates that continuous DNA-mediated and Polycomb target-specific recruitment or 413 stabilization is required to attract PRC2 to newly replicated chromatin fibres (Laprell et al., 2017) . 414
The recent discoveries of facultative PRC2 subunits and the presence of functionally distinct sub-415 complexes has greatly advanced our understanding of PRC2 recruitment and maintenance ( depends on the presence of H3K27me3 (Fig 4e-f) , probably through canonical complexes containing 455 CBX7 (Morey et al., 2012 (Morey et al., , 2013 . The remainder of PRC2-independent PRC1 is likely recruited via 456 KDM2B-mediated DNA binding, which is in line with previous observations showing that ~60% of 457 RING1B recruitment is mediated by KDM2B (Farcas et al., 2012; Wu et al., 2013) . Surprisingly, our 458 analyses reveal that MTF2 and JARID2 deficient mESCs treated with EED226 show a more profound 459 decrease (> ~40%) of RING1B occupancy at target genes. This could indicate either an as of yet 460 unknown link between PRC1 and PRC2, or alternatively, a stabilization of KDM2B-mediated 461 recruitment to DNA by the physical presence of core PRC2, that would increase the residence time of 462 PRC1 on chromatin (Oksuz et al., 2018) . Together, these observations further corroborate the 463 hypothesis that PRC1 and PRC2 can bind autonomously, but are synergistic for their reciprocal 464 recruitment. 
